In the last decade, new trends for enzyme attachment to solid carriers have emerged in an attempt to rationalize the classical methods for enzyme immobilization. In silico analysis is becoming a powerful tool to predict the orientation of the enzyme covalently-attached to the carrier or the protein regions involved in the adsorption to the support. Significantly, an array of algorithms has been established for the Rational 
Introduction
The new advances in chemical catalysis and biocatalysis are determinant in reducing the environmental footprint of chemical processes and petroleum-based technologies. In particular, biocatalysis fully participates in the "green chemistry"
concept that was introduced in the 90s and whose impact on sustainability is now established beyond any doubt. [1] In the new post-genomic era, the marriage between system and synthetic biology guarantees the success of the enzyme engineering for practical uses. However, the design of effective immobilization methods represents one of the main hurdles that hamper to set up industrial-scale biocatalytic processes. [2, 3] Essentially, enzyme immobilization allows easy separation and reuse of the biocatalyst, makes the product recovery easier and very often enhances enzyme resistance against inactivation by different denaturant agents (including extreme pHs or high temperatures, the presence of organic co-solvents, inhibitors and more). Apart from their application as reusable heterogeneous biocatalysts, immobilized enzymes are proper platforms on which developing stable nanobiodevices for analytical, energetic and biomedical applications (e.g. biosensors, biofuel cells), as well as tools for solid-phase protein chemistry or microdevices for controlled release of protein drugs. [4] The enzyme immobilization protocols described in literature can be sorted into three main groups: (1) enzyme binding to a prefabricated support, (2) enzyme entrapment or encapsulation, where a polymeric 3D-network is formed in the presence of the enzyme, and (3) carrier-free cross-linking with bi-functional reagents (i.e. crosslinked enzyme crystals -CLECS-and aggregates -CLEAS-). [2] When designing a reliable immobilization method, the non-catalytic requirements (separation, reuse, downstream processing, etc.) as well as the catalytic functions (productivity, space-time yield, productivity, etc.) must be taken into account. [5] In most of the cases, the immobilization protocols are roughly developed on empirical basis, [5] and are based on the observation that a certain carrier has proven its efficiency with a broad number of enzymes. [6] For that reason, the design of robust immobilized biocatalysts can be considered "irrational" because it results from screening of several methodologies; in consequence, many industrial processes might be operating under suboptimum conditions. In this scenario, the new in silico analysis provide a fresh twist in enzyme immobilization. Indeed, this approach helps to immobilize enzymes ad-hoc, by predicting the location of amino acid residues or protein domains implicated in the binding with the support. The combination of in silico analysis by molecular modelling with experimental research is widely used in biocatalysis, [7] but only of recent application in enzyme immobilization. Hudson et al.
were pioneers in conducting in silico studies before experimental work for the immobilization of two enzymes (cytochrome c and xylanase) in mesoporous materials. [8] After analyzing the physicochemical properties of several mesoporous silica (including isoelectric points and zeta potentials) as well as the surface potential of the biomolecules, they were able to predict the best combinations protein-carrier that maximize the polar, ionic and/or hydrophobic interactions. Very recently, Weber et al.
studied the adsorption of P450 enzymes on mesoporous MCM-41 and SBA-15; [9] modelling the 3D enzyme structure and performing electrostatic potential calculations, they predicted the pH-dependence of the P450 immobilization and proposed the possible orientations of the protein on such mesoporous materials.
On the other hand, the selection of a proper support is essential in this field.
Currently, a broad collection of new carriers for enzyme immobilization are coming up, allowing the researchers to specifically choose "a la carte" different features depending on the enzyme and the given application (e.g. particle size, chemical functionality, length of spacer arm, porosity, the hydrophile-lipophile balance of the microenvironment surrounding the enzyme, and more). [10] [11] [12] 
Computational methods applied to covalent binding of enzymes to supports
Binding of enzymes to supports can be generally achieved by physical means (adsorption) or chemical modification (covalent bonds). Covalent immobilization has the main advantage of forming strong and stable linkages between the enzyme and the carrier, which prevents the loss of activity caused by enzyme leakage from the support, giving rise to a robust biocatalyst. [32] Inorganic and organic materials -e.g. porous silica, alumina, acrylic resins or agarose (Sepharose)-can be chemically activated by different strategies with the ultimate goal of covalently attaching enzymes. [33] However, the number of commercial activated carriers for covalent immobilization is relatively small compared with available enzyme adsorbent materials.
The covalent binding of enzymes to solid supports can effectively prolong the lifetime of the biocatalysts by protecting the protein three-dimensional (3D) structure and may result in enhanced enzyme activity and stability as compared with that of the native counterpart. There are numerous protocols to covalently immobilize proteins involving different amino acid side chains of the enzyme and various activating groups in the supports; [34] [35] [36] [37] some of them are depicted in Figure 1 .
Supports activated with epoxy (oxirane) groups seem to be almost ideal systems for enzyme immobilization since epoxy groups are very stable at neutral pH even in wet conditions, and may be utilized to immobilize enzymes through multipoint covalent attachment with their amino (Figure 1, a1) , phenolic (Figure 1, a2) and thiol groups at alkaline pH, or with carboxylic acids at moderately acid pH. [21, 38] Eupergit C, [39] Sepabeads EC-EP, [21] and Dilbeads [22] are epoxy-activated carriers with high reactive groups density. However, epoxy-supports show low immobilization recoveries with highly glycosylated enzymes because the polysaccharide fraction shields the active groups in the protein surface. Amino-functionalized polymers can be used as immobilization carriers by glutaraldehyde activation followed by reaction with amino groups on the enzyme surface ( Figure 1 , b1) or with the carbohydrate moieties in glycosylated enzymes by formation of cyclic acetals (Figure 1, b2) . The lower hydrophobicity of the amino-activated support gives rise to a better solvation by water, which in turn renders a higher immobilization recovery compared to the epoxy polymer. [6] Hetero-functional amino-epoxy supports have been also developed in order to combine the hydrophilic properties of amino supports with the reactivity of oxirane groups resulting in a faster immobilization process even at low ionic strength. [35] Activation of natural or synthetic polymers with cyanogen bromide is another enzyme immobilization method implicating the amino groups (Figure 1c) , although the isourea bond formed is moderately stable. [40] Reversibly soluble polymers bearing carboxyl groups such as Eudragit enable efficient immobilization via the carbodiimide-mediated coupling with enzyme amino groups. [41] The physical state of such polymers can be simply controlled by a simple change of pH. It is noteworthy that the formation of covalent bonds between the enzyme and the support is favoured by the fact that the reaction takes place on a solid phase; therefore, the synthesis/hydrolysis equilibrium is shifted towards the bond formation. [42] In general, the reactivity of the amino acid residues of the enzyme depends on factors such as their intrinsic chemical nature, the microenvironment and, in particular, their state of ionization (controlled by the pH). It is highly desirable to establish the priority of reactivity of the different amino acid residues of the protein to predict the possible conformation of the enzyme in the immobilized derivative. In this context, the LIGRe algorithm (Ligand Interacting Group Reactivity) was recently defined for a particular amino acid; [24] it represents the proportion between active (e.g. deprotonated The theoretical basis for this calculation resides on the classical HendersonHasselbalch equation. When LIGRe < 0.1 the reactivity of the ionizable group can be considered low; if 0.1 < LIGRe < 1 the residue can be considered half-reactive, and if LIGRe ≥ 1 it is considered reactive. [43] Using this algorithm, we have analyzed the reactivity of amino and phenolic residues of the Myceliophthora thermophila laccase (MtL) on the solvent accessible area during its covalent immobilization on a polymethacrylate-based polymer (Sepabeads ® EC-EP3) activated with epoxy groups (unpublished material). Laccases are multi-copper containing oxidases (EC 1.10.3.2) that catalyze the oxidation of phenolic compounds, with the concomitant reduction of oxygen to water, and find applications in bioremediation, paper pulp bleaching, finishing of textiles or bio-fuel cells. [44] The corresponding pK a values of MtL residues were estimated from the PROPKA web interface. [45] Table 2 summarizes the LIGRe results for laccase interacting groups at pH 9.0. Thiol residues (cysteines) are also able to react with the epoxy moieties of the polymer; however, they were excluded from the analyses because one of them was buried and the remaining six were forming disulfide bridges. At pH 9.0, the NH 2 -terminal (N-Term) can be considered fully reactive. Only two lysine residues and three tyrosines presented half-reactivity at pH 9.0 ( Table 2) . It is remarkable that many covalent immobilization protocols on epoxy-activated supports are performed at pH 8.0
or even lower, which in terms of the ionization state of the reacting groups is far away of the optimum pH value, as the reactivity is about 10-fold lower than at pH 9.0.
Computational simulations offer the possibility to visualize the regions of enzymes prone to establish covalent bonds with supports. [6] We determined the most Table 2) , appear on the protein accessible surface area and were located far away from the active site, thus yielding competent conformations as well. At pH 10.0 the increase on reactivity of other ε-NH 2 on the protein solvent accessible area (Lys205, Lys325 and Lys454) could affect the catalytic efficiency of the immobilized derivative as they were in close proximity to the active site (Figure 2e) . Concerning tyrosine residues, the analysis at pH 9.0 indicated that Tyr286 and Tyr391, with a reactivity at least 10-fold lower than N-Term ( Table 2) , offered an optimal orientation for the immobilized derivative. However, another phenolic side-chain with half reactivity (Tyr214) was located in the vicinity of the active site (Figure 2e) , and could exert a negative effect on the catalytic efficiency of the immobilized derivative if it eventually participates in the covalent binding. The reactivity of other tyrosines placed at the surrounding of the active-site (esp. Tyr305) seemed to be increased substantially at pH 10.0. In conclusion, LIGRe prediction leads to select pH 9.0 as the optimal immobilization pH in terms of protein orientation with acceptable group reactivity.
In silico analysis of adsorption of enzymes to supports
Adsorption is the simplest and oldest method for immobilizing an enzyme onto a water-insoluble support. Adsorption of enzymes onto carriers can involve physical adsorption (via non-specific forces such as hydrogen bonds or van der Waals forces), ionic binding (based on the charge-charge interaction between the carrier and the enzymes) or hydrophobic interactions between non-polar regions of the enzyme and carrier. Adsorbed biocatalysts are easily desorbed by changes in substrate and salt concentrations, or even by temperature fluctuations. [46, 47] In addition, interactions with supports can cause partial deactivation of the enzyme, thereby reducing its catalytic activity. Despite the abovementioned drawbacks, adsorbed enzymes are widely employed in different industries, especially in non-aqueous media, where the enzyme lixiviation is notably minimized. [47] [48] [49] The amount of adsorbed enzyme depends on the size of the protein molecule, the specific surface area of the carrier, the pore size and volume, and the number of sites available for protein adsorption. Recently, the Rational Design of Immobilized Derivatives (RDID), implemented into the RDID 1.0 software, has been proposed for optimization of immobilization processes. [43] Thus, an algorithm was defined to calculate the theoretical maximum amount of enzyme that can be adsorbed on a particular support (tMQ, theoretical maximum protein quantity), also applicable to covalent immobilization. In short, assuming that the protein projection on the support surface could be considered as a circle, the maximum number of protein molecules adsorbed on a monolayer (total support covering particles, TSCP) can be calculated as: accepted principle is that, for unrestricted access to occur, the diameter of entry pores must be at least 4 to 5 times higher than the size of the enzyme molecule. [50] New algorithms that consider the relationship between support pore size and the protein diameter have been proposed and implemented in the RDID 1.0 software (data not shown).
In an interesting study, Basso and coworkers analyzed the chemical nature of the surfaces of two enzymes, lipase B from Candida antarctica (CALB) and penicillin G acylase from Providence rettgeri (PGA), and its influence on the immobilization process on various supports. [6] In particular, the distribution of the regions of the protein able to establish either hydrophobic or hydrophilic interactions was studied by means of the GRID computational method, which calculates the molecular fields generated by the interaction of a chemical probe (water or an aliphatic carbon) with the enzyme surface. [6] Figure 3 (top) shows that in CALB, whose catalytic function is exerted at the lipid/water interface, the hydrophilic zones (blue areas) are clearly differentiated from the hydrophobic ones (yellow areas). In particular, a broad hydrophilic region is opposite to the active site, which implies that the orientation of CALB can be modulated varying the hydrophilicity of the carrier. [6] In contrast, the PGA surface (Figure 3 , bottom) exhibits a homogeneous distribution of both hydrophilic and hydrophobic regions.
Mesoporous silica as protein binders
Zeolites, which comprise one of the most important families of porous materials, present small pore size (below 1.2 nm) that somehow limits their application for immobilization of proteins. [51] In contrast, amorphous mesoporous silicas have several advantages such as uniform and higher pore diameters (2-40 nm), surface areas in the range 300-1500 m 2 g -1 and high pore volumes (ca 1 ml g -1 ). Recently, ordered mesoporous silicas (Figure 4 ) have emerged as potentially ideal carriers because, in addition the aforementioned features, they present a good connectivity of the porous networks and it is possible to select the textural properties including the pore shape with the surfactant Pluronic F128. [52] The lixiviation of the enzyme was practically eliminated, which suggests that a compromise between diffusional restrictions and enzyme leaching must be encountered for optimal performance of the immobilized biocatalyst. Besides, the hydrophilic-lipophilic balance (HLB) of the silica can be easily modulated by chemical modification with alkyltriethoxysilane and it was demonstrated to exert an influence on enzyme loading, catalytic activity and lixiviation. [19, 53] Several one-step processes for the simultaneous synthesis of ordered porous silica networks by sol-gel technique and enzyme encapsulation within the pores have been described. [54, 55] The enzyme molecules are entrapped in isolated silica cages connected by small entrances (bottle-around-the-ship), thus allowing the diffusion of substrates and products but avoiding enzyme leakage. Various amphiphiles such as cationic surfactants (cetyltrimethylammonium bromide, CTAB) or Pluronic triblock copolymers have been tested as silica structure directors. Compared with the postsynthesis adsorption strategy, simultaneous synthesis/encapsulation leads to well structured materials with higher enzyme loading.
Analysis of the distribution of the enzyme in the support
Fluorescence confocal microscopy, which renders spatial information about the distribution of fluorescent compounds over the radius of a bead, [56] is being successfully employed to visualize the distribution of biomolecules throughout the support as well as to evaluate restrictions to diffusion within the support. [57] A typical confocal image for sterol esterase [58] labeled with fluorescein isothiocyanate (FTIC) and covalently immobilized in epoxy-activated Dilbeads TM TA is shown in Figure 5 , varying the observation depth. [22] Interestingly, the enzyme was not uniformly distributed in the beads, as most of the enzyme molecules were confined in an outer shell of approximately 10.5 μm width. The depth of the enzyme layer was very similar analyzing beads of different radius. Thus, there is an apparent restriction for diffusional transport into the core of the bead, which can be caused, among other factors, by the tortuosity of the pore structure, or by the steric hindrance exerted by the enzyme molecules that are immobilized in the shell of the particle. Similar conclusions were reported for the immobilization of trypsin on porous glycidyl methacrylate beads, [56] whereas a uniform enzyme distribution throughout the bed was observed for glucose oxidase in alginate microspheres, obtained by in situ enzyme entrapment.
[57]
Conclusions
The topic of enzyme immobilization continues to attract great interest in the industry sector because it requires stable and robust immobilized enzymes to withstand necessary harsh conditions of operation. The lack of guidelines that could govern the selection of the immobilization method is being replaced by a rational design of immobilized derivatives, in which the protein 3D structure (and reactivity) as well as the textural properties of the support are important parameters. An important feature is that the carrier not only functions as a scaffold for the protein molecules but also alters the enzyme properties. In silico analyses may help to establish the optimal immobilization conditions and to understand the behaviour of immobilized enzymes.
One of the major challenges currently facing material scientists is the development of tailor-made carriers with specific physical and chemical properties, e.g. suitable geometry and binding properties, which can be used in different reactor configurations and bionanodevices. Novel concepts such as the application of ordered mesoporous (organo)silicas as enzyme adsorbents or the entrapment of enzymes in a spatially restricted sol-gel matrix promise exciting research and advances in the next few years. In addition, the combination of different immobilization techniques, which provide high enzyme loading and high retention of activity, will increasingly be used. 
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